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Abstract 
Hydrogen penetration into the bulk of steel is a risk during the whole process of the manufacturing of steel product. Hydrogen 
accumulation in the material structure can induce the adverse changes in mechanical/metallurgical properties, i.e. cause hydrogen 
blistering or even hydrogen embrittlement. Consequently, when the product is subjected to mechanical stress, cracking hazard 
occurs. In this study, we focus on hydrogen ingress during pickling of mild steel in strong acids (diluted sulphuric and 
hydrochloric acid. Generally, pickling is the critical step of the coating process. Different types of adsorption inhibitors were used 
as additives to pickling bath in order to prevent metal dissolution and related hydrogen evolution. The effect of inhibitors was 
tested by electrochemical and mechanical methods. Polarization curves measurement was used to evaluate corrosion rate of mild 
steel substrate in pure and inhibited acid solutions. Mechanical tests were performed using Cyclic Loading Pulsator, which is an 
experimental device simulating cyclic stress. Thus, the fatigue life of retaining rings for shafts exposed to the tested solutions was 
determined. Based on the results the most effective inhibitors were chosen. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Politecnico di Milano, Dipartimento di Meccanica. 
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1. Introduction 
Corrosion inhibitors are commonly used to reduce negative effects of environment on metals. Metals exposed to 
acid solutions, which are widely used in the industry, for example, for acid pickling, acid cleaning or acid 
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(electro)plating, may lose their original mechanical properties. The dominant cathodic reaction in a strongly acid 
environment is the reduction of hydrogen ions resulting in hydrogen gas evolution. Thus, steel material used in such 
environment can suffer from corrosion damage and moreover, from hydrogen degradation due to the ingress of 
hydrogen into its structure. Organic inhibitors block the effect of corrosive environment by covering the surface of 
exposed metal, i.e. they block the electrochemically active sites, and thereby reduce the extent of anodic and 
cathodic reactions [1]. Wide range of nitrogen-, oxygen- or sulphur-containing compounds has been tested in 
hydrochloric or sulphuric acid as corrosion inhibitors [2-5].  
In this work, adsorption inhibitors containing nitrogen and oxygen atoms were studied in both acids. The 
influence of corrosive environment was combined with applied cyclic stress in order to evaluate the effect of our 
inhibitors on mechanical properties of steel retaining rings. 
2. Experimental procedures 
2.1. Pickling solutions 
Inhibitors, which are stated in Table 1, were added into 20% H2SO4 (Penta Ltd., CZ) and 15% HCl (Penta Ltd., 
CZ) at the concentration of 10 ml/l (A, B, and C) and 10 g/l (urotropine). The inhibitor are except urotropine 
(hexamethylenetetramine) referred to as A, B and C because their chemical composition is classified information 
within the project. The inhibitor C is a combination of the inhibitor A and a complex-forming agent. Urotropine is 
commonly applied as an inhibitor in aviation in Russia; therefore, it was used for a comparison with the inhibitors 
developed during the project.  
Table 1. Chemical nature of tested inhibitors 
Inhibitor No. Chemical nature 
Urotropine contains nitrogen atoms 
A contains oxygen atoms 
B polymer  with repeating NH group 
C A + a complex-forming agent 
2.2. Polarization curves measurements  
Mild steel sheets (EN 100083-1) were used as substrates with an exposed area of 14 cm2. Substrate pretreatment 
consisted of mechanical polishing with emery papers (600 and 1200) and fine abrasive paste, followed by 
degreasing with acetone and drying under hot air.  
Potentiodynamic measurements were performed in a conventional three-electrode cell. The mild steel sheets were 
used as a working electrode, a cylindrical Pt mesh as a counter electrode and an Ag/AgCl electrode (EAg/AgCl 
(saturated KCl) = 199 mV vs. SHE at 25°C) served as a reference electrode. The electrodes were connected to 
VoltaLab PGZ 100 potentiostat controlled by VoltaMaster 4 programme (Radiometer Analytical SAS, France). 
Firstly open-circuit potential (OCP) was stabilized for 600 s. Then each sample was polarized between -250 and 
+250 mV with regard to the Ecorr. A scan rate was 1 mVs-1. Measurements were carried out at room temperature. 
2.3. Mechanical tests 
Mechanical tests by simulating a cyclic stress were used to evaluate a fatigue life of samples influenced by the 
pickling process involving hydrogen evolution. The samples were represented by retaining rings for shafts specified 
by DIN 471, which scheme is shown in Fig. 1. The dimensions of our samples were d3=28 mm, d4=40 mm and s=2 
mm. The retaining rings were tested as-received and pickled in the acid solutions without and with the inhibitors. 
After pickling, they were rinsed with tap water, dried and immediately mounted into a Cyclic Loading Pulsator, see 
Fig. 2. It is an experimental device made at the Czech Technical University in Prague [6]. The pulsator is equipped 
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with an optical sensor which allows the device to automatically count the number of cycles and stop working when 
the tested sample is ruptured. All samples were subjected to the same test parameters. Tensile load of sine waveform 
with the stroke of 2.5 mm was applied to the loose end of the ring; the other end was mounted into a stationary rod 
firmly connected to the device. The frequency of movement was 50 Hz. Measurements were carried out at room 
temperature. 
Microstructural analysis of the fracture surface of the retaining rings ruptured during the tests was performed by 
Vega3SBU scanning electron microscope (Tescan, CZ).
Fig. 1. Scheme of a retaining ring for shafts 
Fig. 2. Scheme of the Cyclic Loading Pulsator 
3. Results and discussion 
3.1. Polarization curves measurement 
Figures 3 display the comparison between the behavior of mild steel in 15% HCl and 20% H2SO4 in the absence 
and presence of the inhibitors. In both cases, it is obvious that the addition of any inhibitor had a positive effect on 
the decrease of current density. This is confirmed by the data presented in Table 2. The values of corrosion potential 
(Ecorr) and corrosion current density (jcorr) were determined by extrapolating linear Tafel regions of the polarization 
curves (see Table 1), and resulting inhibition efficiency (IE) was calculated using Eq. (1). 
ܫܧሾΨሿ ൌ ቀͳ െ ௜೎೚ೝೝି௜೎೚ೝೝሺ೔೙೓ሻ௜೎೚ೝೝ ቁ ͳͲͲ     (1) 
where icorr and icorr(inh) are the corrosion current densities without and with the inhibitor, respectively. Note that only 
the cathodic branch of the polarization curves could be extrapolated because of the irregularity of the anodic part of 
the curves. 
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Fig. 3. Polarization curves recorded for mild steel in a) 15% HCl and b) 20% H2SO4 solutions without and with 10 ml/l (10 g/l) of different 
inhibitors 
Table 2. Electrochemical parameters extrapolated from polarization curves measured in 15% HCl and 20% H2SO4 with and without the inhibitors 
and the inhibition efficiency calculated form  jcorr    
                    15% HCl 20% H2SO4
Inhibitor 
No. 
Ecorr 
(mV)
icorr 
(mAcm
-2) 
IE 
(%) 
Ecorr 
(mV)
icorr 
(mAcm
-2) 
IE 
(%) 
blank -388.5 1.585 - 414.5 4.5 - 
urotropine -391 0.6494 53.03 -366 1.5505 65.64 
A -311.5 0.0104 99.34 -289 0.2650 94.11 
B -419 0.0914 94.24 -390.5 0.1642 96.35 
C -350.5 0.0324 97.95 -300 0.0794 98.23 
Polarization data show that both anodic and cathodic reactions of mild steel electrode were inhibited in 15% HCl 
as the anodic and cathodic part of the curves shift to lower corrosion current densities with respect to polarization 
curve measure in pure acid. The difference between the slope of the polarization curves and the shift in corrosion 
potential values obtained in the presence and absence indicate that the inhibition mechanism is not based only on 
blocking the electrode surface, i.e. acting as a physical barrier, but a change in reaction mechanism of iron 
dissolution or hydrogen evolution is expected. In sulfuric acid, all inhibitors reduced the corrosion current density 
values as well. Comparing the polarization curves, it is even more obvious than in the previous case that the 
inhibitors A and C have similar chemical composition. These inhibitors had higher inhibition efficiency than 
urotropine and the inhibitor B in both acids and in 15% HCl, respectively. The maximum inhibition efficiency was 
calculated for the inhibitor A in HCl solution to be 99.34 % and for the inhibitor C in H2SO4 solution to be 98.23 %. 
It should be mentioned that all inhibitors were also tested at concentrations in the range of 1 to 50 ml/l (g/l) and it 
was found out that such change of concentration had almost none effect on the inhibition efficiency values (data not 
shown). 
3.2. Mechanical tests 
The results of mechanical tests, which are displayed in Fig. 4, show that the exposure of the retaining ring to acid 
environment reduced the fatigue life of the rings by more than half except the sample pickled in sulfuric acid with 
the inhibitor A. It is obvious form the figure that the use of inhibitors significantly increased the number of cycles 
which the samples withstand in comparison with samples pretreated in pure acids. The results also show that the 
effect of inhibitor does not depend on the acid it was mixed with. Thus, the longest fatigue life of the retaining rings 
a) b) 
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was determined when the inhibitor A was added to both acids. The inhibitor C had only slightly worse performance. 
Additionally, both inhibitors were more efficient than common inhibitor urotropine. 
It should be noted that the data presented in the chart are average values obtained from several experiments. The 
error bars indicate that the repeatability of the results is very variable; however, calculated standard deviations were 
below 10% for all but three types of solutions.  
Fig. 4. Total number of cycles measured for the retaining ring tested as-received and the retaining rings exposed to acid solutions with and 
without inhibitors 
3.3. Morphology of fracture surfaces  
Scanning electron microscopy was used to analyze the fracture surfaces of samples tested in the as-received state 
and after pickling in hydrochloric acid without and with the inhibitor C. SEM micrographs are shown in Fig. 5. The 
aim of the analysis was to find features in the morphology that would indicate the influence of hydrogen and, 
consequently, the effect of inhibitors. However, no features characterizing brittle fracture were found. Conversely, 
characteristics describing ductile fracture were observed, i.e. microvoids. Nevertheless, an interesting difference 
between the samples concerning the initiation of fracture was found. The fracture was expected to initiate on the 
inner side of the retaining rings, where the tensile load was applied. This was true with the rings tested as received. 
On the other hand, there were two areas of initiation in case of the rings exposed to 15% HCl without and with the 
inhibitor C; one on the inner side and second on the outer side of the ring. It can be assumed that this was caused 
due to the modification of surface of the rings during the pickling.  
   
Fig. 5. SEM micrographs of the fracture surfaces of a) retaining ring tested as-received and b) retaining ring pickled in inhibitor C, where b1 
shows the inner and b2 the outer side of the retaining ring  
a
b2b1
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4. Conclusion 
Our results show that the inhibitors developed within our project represent new promising inhibitors for the 
protection of mild steel during pickling process in hydrochloric and sulfuric acid. Potentiodynamic polarization 
method showed that the inhibitors lowered corrosion current density of mild steel in both acids and their inhibition 
efficiency was higher than 90 %. It means, the efficiency was about 30 % higher than that of commonly used 
inhibitor urotropine. Mechanical tests confirmed a positive effect of the inhibitors on the fatigue life of pickled 
samples with regard to samples exposed to uninhibited pickling acids. Again, the performance of our inhibitors was 
better than that of urotropine. The use of the inhibitor A in 20% H2SO4 increased the number of cycles to 182747, 
i.e. to more than a half of cycles endured by samples tested as received. SEM analysis of fracture surfaces showed 
the features of ductile fracture for all analyzed samples. 
Our further research will deal with the improvement of the repeatability of the mechanical tests results and 
finding ways to distinguish the effect of hydrogen on the morphology of samples with relation to the length of their 
fatigue life.  
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